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Aeroengine noiseAbstract In the present survey, various methods for the acoustic design of aeroengine nacelle are
ﬁrst brieﬂy introduced along with the comments on their advantages and disadvantages for practi-
cal application, and then detailed analysis and discussion focus on a kind of new method which is
called ‘‘transfer element method’’ (TEM) with emphasis on its application in the following three
problems: turbomachinery noise generations, sound transmission in ducts and radiation from the
inlet and outlet of ducts, as well as the interaction between them. In the theoretical frame of the
TEM, the solution of acoustic ﬁeld in an inﬁnite duct with stator sound source or liner is extended
to that in a ﬁnite domain with all knows and unknowns on the interface plane, and the relevant
acoustic ﬁeld is solved by setting up matching equation. In addition, based on combining the
TEM with the boundary element method (BEM) by establishing the pressure and its derivative con-
tinuum conditions on the inlet and outlet surface, the sound radiation from the inlet and outlet of
ducts can also be investigated. Finally, the effects of various interactions between the sound source
and acoustic treatment have been discussed in this survey. The numerical examples indicate that it is
quite important to consider the effect of such interactions on sound attenuation during the acoustic
design of aeroengine nacelle.
ª 2015 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
As the main noise source of modern commercial aircraft, the
acoustic design of aeroengine has received more and more
attention along with increasingly stringent requirement for
environmental protection.1 Therefore, how to further reduce
aeroengine noise by all means has long been a problem of great
importance. It is well-known that the best way is to control the
noise sources themselves2,3 at the design phase of aeroengine
and suppress its propagation in ducts.4–6 In fact, it is noted
that aeroengine noise is generated by either an internal or an
external source. The externally generated noise is due mainly
328 X. Wang, X. Sunto the jet exhaust. The internally generated noise is due
primarily to the rotating turbomachinery blades and to the
combustion process. To achieve lower speciﬁc fuel consump-
tion, future aircraft engines are expected to have bypass ratios
in the range of 12–15.1 This results in a reduction of the jet
noise to relatively insigniﬁcant proportions, but leads to an
increase of the fan noise. If there is no acoustic treatment to
control the noise propagation, some tests show that the over-
all noise level of such engines is greater than the noise level
of low bypass engines and consists of a broad band spectrum
and high-pitched discrete frequency components.7 The internal
ﬂow ﬁeld past the blades is generally unsteady due to the pres-
ence of upstream blades and vanes and viscous wake. The
interaction of this unsteady ﬂow and the moving blades pro-
duces upstream and downstream traveling pressure waves
(acoustic modes) with BPF (Blade Passing Frequency) as its
frequency characteristics. Some of these modes decay naturally
(cut-off modes), while the others (cut-on modes) need to be
suppressed by acoustically treating the engine ducts.8 The lat-
ter is just the main objective of the acoustic design of aero-
engine nacelle. To achieve noise reductions in the nacelle as
much as possible, the acoustic treatment must be optimized,
and in addition, how to include the effect of the interaction
between the sound source and acoustic treatment on noise
attenuation is also a problem of concern.
It is noted that considerable work has been conducted for
the prediction of the sound radiation from a lined duct over
the last decade, including the boundary integral equation
method (BIEM) or boundary element method (BEM),9–13 the
ﬁnite element method (FEM)14–18 and the numerical sim-
ulation method based on computational aeroacousitc (CAA)
technique.19–22 These methods are playing a diverse role at dif-
ferent stages of the acoustic design. For the determination of
ﬁnal design parameters, it is necessary to use the numerical
simulation tools as accurate as possible to check the results
provided that the relevant computing cost is affordable.
However, for the purpose of preliminary design considera-
tions, an acoustic engineer must conduct a large number of
parametric studies. In this situation, it is required to provide
fast, useful and reliable tools to acoustic engineers.
The purpose of the present paper is to critically survey the
state-of-the art regarding the methods of determining the
sound attenuation, source-acoustic treatment interaction and
sound radiation from the inlet and exhaust of aeroengine.
Especially, emphasis will be put on how to use a kind of new
strategy, transfer element method (TEM) to realize the pre-
scribed noise reduction objective at the preliminary phase of
the acoustic design of aeroengine nacelle.Fig. 1 Schematic of simpliﬁed aeroengine acoustic model.2. Physical pictures and computational models
As shown in Fig. 1, in order to control the noise propagation
and radiation from aeroengine nacelle efﬁciently, various
acoustic treatments have to be installed in all the available
places, such as inlet and outlet of nacelle, even the duct surface
between rotor and stator. In the past several decades, many
sound propagation models have been developed to calculate
the noise attenuation. In general, different acoustic treatments
are used to realize an optimal attenuation for various sound
sources with broad frequency range. Obviously, different liners
will interact with each other due to discontinuous impedancedistribution, and the presence of the rotor and stator as sound
source or the reﬂection of nozzle could also interact with the
acoustic liner. In fact, a good model for the acoustic design
of the aeroengine nacelle is to include such interactions as
much as possible in order to realize more accurate description
to the special sound environment as Fig. 1. This is indeed not
an easy task. Fig. 2 just shows the complex process toward this
objective.
At the preliminary stage of acoustic liner design, in order to
obtain the structure parameters of liner as soon as possible, it
is necessary to introduce a simpliﬁed calculation model with
the assumptions like mean ﬂow, inﬁnite duct and strength-
ﬁxed sound sources. At this stage, some famous simpliﬁed
models, such as mode-matching approach (MMA) and
BIEM can be used to estimate sound attenuation for different
liner combinations. However these design models can still not
satisfy the current requirement of acoustic treatment design for
modern turbofan aeroengine. Therefore, it is indeed required
to have a kind of new model to consider the effect of non-
uniform duct, complex ﬂow and the interaction between sound
source and various liners on the sound attenuation. On the
other hand, more elaborate numerical calculation method like
CAA is also quite important due to its capability to include
any complex factors. However, since huge time and computa-
tional cost are inevitable for this regard, it is very difﬁcult to
use it to conduct parametric study with the requirement of fast
implementation. So, from a practical view of point, a fast
method which can be used to optimize all design parameters
of acoustic treatment with fewer restrictions is still required.
In addition, the impedance model is also an important fac-
tor for liner design, but in the present survey, we only suppose
that the impedance description can be available, such as
Ingard’s model24 and Jing et al.’s model.25–28 So, emphasis will
be placed on the various propagation models in ducts, and
especially on the connection between the acoustic attenuation
and liner structure parameters.
As discussed above, in order to satisfy the requirement of
acoustic liner design for modern turbofan nacelle, we need a
new model to solve the following problems: (a) the model
can be used in the preliminary design stage for calculating
the sound propagation in duct and sound radiation from the
inlet and exhaust; (b) the model must include more effect of
liner design such as non-uniform ﬂow and varying cross-sec-
tional duct; (c) the model can consider the effect of the interac-
tion between the sound sources and acoustic treatments. For
these three purposes, we will ﬁrst review several famous
existing models like MMA and BIEM, and then focus on
introducing how TEM is developed to solve the sound prop-
agation problem in aeroengine nacelle with the above three
main features.
Fig. 2 Block diagram of requirements of liner design. (See above-mentioned references for further information.)
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Acoustic engineers only designed the acoustic treatment via
calculating the eigenvalue of inﬁnitely long acoustic liner
before MMA was published.29–31 It is so difﬁcult to compute
the eigenvalue that it is necessary to check the resolution
through the experiment. In 1974, Zorumski32 developed the
MMA to consider the sound propagation in the multisectioned
ducts which are interconnected. Zorumski tried to solve all
acoustics problems including sound generation in, transmis-
sion through and radiation from duct, as shown in Fig. 3.
However, the sound source on the blades was regarded as
the spinning point source without considering the interaction
between the sound ﬁeld and the blade unsteady loading.
Aimed at the sound propagation, this method divides the
acoustic pressure into a sum of multimode.
As shown in Fig. 4, the inﬁnite duct solution must be
generalized to account for the effects of some ﬁnite sections,
and relationships must be developed to account for the acous-
tic coupling between these sections. Firstly in order to deﬁne
the acoustic ﬁeld in terms of wave amplitudes, we can write
sound pressure by the following equation:
p0mðr; zÞ ¼
X1
l¼1
Aþjmlw
þj
mlðkmlrÞeic
þj
mlðzz jÞ  AjmlwjmlðkmlrÞeic
j
mlðzz jÞ
h i
ð1ÞFig. 3 Schematic of engine acoustic model.where Aþjml and A
j
ml are the amplitudes of the acoustic modes at
z j;wmlðrÞ denotes the eigenfunction of the cross section in duct
and kml is the eigenvalue; cml expresses the axial wave number.
Therefore, the wave generation, transmission and reﬂection
effects at the interface j k can be represented by matrix equa-
tions as
½Aþkml ¼ ½Tþkþjmlv ½Aþjmv þ ½Rþkkmlv ½Akmv  þ ½Qþkml
½Ajml ¼ ½Tjkmlv ½Akmv  þ ½Rjþjmlv ½Aþjmv þ ½Qjml
ð2Þ
where the factors R and T are called the reﬂection coefﬁcient
and transmission coefﬁcient of interface, respectively; ½Qþkml
indicates the source terms for the forward waves in the section
k. Utilizing the matching condition on the interface j k, we
can obtain
½Tþkþjmlv  ¼ Wjþkmlv
h i1
½Wjþjmlv 
½Rþkkmlv  ¼ Wjþkmlv
h i1
½Wjkmlv 
8><>: ð3Þ
where ½Wjþkmlv  is the function of ½Ijþkmlv . And
Ijþkmlv ¼
Z b
a
rw jmlðrÞwkmvðrÞdr ð4ÞFig. 4 Transmission wave and reﬂection wave in duct by
utilizing MMA.
Fig. 5 Schematic of sound radiation from a duct.
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tion coefﬁcient, the most important thing is to calculate the
eigenvalue and eigenfunction of these two adjacent sections.
It is easy to obtain the eigenvalue if only there is hard wall
in the duct. However, if the impedance boundary conditions
are different between these two elements, it becomes very dif-
ﬁcult to solve the eigenvalue in Eq. (4) in which the modes
are not orthogonal. The reason is that we have described the
wall boundary condition as a transcendental equation with
the help of the concept of acoustic impedance instead of
directly considering the sound propagation inside the liner.
For example, in the rectangular duct with one-side liner, we
can set up the impedance equation as
tanðkxlÞ ¼ ik0b
kx
1Makz
k0
 2
ð5Þ
where kx and kz refer to the wave numbers for each duct prop-
agation mode in x and z direction; k0 ¼ x=c0 and
b2 ¼ 1Ma2;x is angular frequency, c0 is local sound speed,
Ma is the Mach number of uniform ﬂow. Unfortunately, there
are lots of numerical instability and mode jump phenomena
under this kind of equations. This eigenvalue equation derived
from the impedance condition is usually solved by Eversman’s
integration method33,34, in which a nonlinear ordinary dif-
ferential equation (ODE) is adopted via introducing a parame-
ter perturbation to the transcendental algebraic equation.
There is singularity at the lowest-order mode, i.e., the plane
wave, in the OED derived by Eversman’s method for both
rectangular and circular ducts. This problem has been solved
by a homotopy method developed by Sun et al.35 until 2007.
So far, MMA is still one of the most efﬁcient methods of liner
design.
As mentioned above, in Zorumski’s model, he hopes to
solve all the acoustic problems involved in sound generation
in, transmission through and radiation from duct systems. In
this model, however, it is really difﬁcult to give a uniform
equation including sound source and liner because the eigen-
value and eigenfunction of soft wall have been used. On the
other hand, there are some inextricable problems to calculate
the sound radiation from the duct since it is required to input
the mode reﬂection coefﬁcient of the engine inlet or exhaust
duct termination planes via both theoretical method and
experimental method.36,37 Moreover, the MMA only considers
very simple conditions, i.e., uniform mean ﬂow, and uniform
duct. As shown in Fig. 2, using this model, we cannot calculate
the sound radiation form duct without mode sound reﬂection
coefﬁcient at the end of duct. To overcome these difﬁculties, it
is required to set up a combined equation including both
sound propagation in and sound radiation from ducts in order
to simultaneously obtain the acoustic radiation ﬁeld.
2.2. BIEM
In order to better understand the effect of aeroengine noise on
the acoustic environment in the cabin and airport, acoustic
engineers are eager to predict the far ﬁeld acoustic characteris-
tics including both amplitude and directivity of radiation.
At ﬁrst, Wiener–Hopf method was used to solve this prob-
lem assuming that the duct has a prescribed length-diameter
ratio, to obtain analytical solution;38,39 however, the approx-
imation is too far away from practical application. In 1995,Myers9,10 presented the boundary integral equation of sound
radiation from duct with spinning point source and liner by
applying Ffowcs Williams–Hawkings equation, which
assumed that length of liner is equal to duct. Therefore
Myers’s method may also be considered to a kind of approx-
imation to the practical problem. Later on Dunn et al.11,40
developed different kinds of BEM model, which considered
the effect of the multi-segment liner with arbitrary impedance
distribution in the duct. The boundary integral equation is a
fast method because it establishes a uniﬁed equation including
both duct sound propagation and sound radiation. In this
method, it is unnecessary to calculate the eigenvalue of impe-
dance wall, so BEM has become one of the most effective
and powerful tools of the acoustic design of aeroengine nacelle.
After that, Yang and Wang41 developed a direct boundary
element, which could calculate the effect of non-uniform impe-
dance in circumferential direction and the scarf inlet engine.
This method overcomes some calculating difﬁculties due to
the complex singularity treatment on the impedance wall and
is easily used to analyze the effect of various geometrical and
aerodynamic parameters on sound ﬁeld.
In this model, the acoustic ﬁelds are split into two parts,
one is inside of the duct, the other one is outside of the duct,
and these two parts are related by the continuing condition
on the duct terminal surfaces. As shown in Fig. 5, the uncom-
pacted source and non-uniform liner can be included.
The governing equation without mean ﬂow in frequency
domain can be written as
k20 þ
1
r
 @
@r
r
@
@r
 
þ 1
r2
 @
2
@u2
þ @
2
@z2
 
p0 ¼ 0 ð6Þ
The Green’s function of three-dimensional Helmholtz
equation is
G ¼ e
ikR
4pR
ð7Þ
where
R ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2  r02  2rr0 cosðu u0Þ þ z z0ð Þ2
q
ð8Þ
So we can obtain the total acoustic pressure
p0q ¼
Z
pqðyÞ
@Gðx; yÞ
@n
 Gðx; yÞ @pqðyÞ
@n
 
dSq þ p0i;q; q ¼ 1 ; 2
ð9Þ
where q ¼ 1 denotes the acoustic ﬁeld inside the duct, and the
integral surfaces are composed of duct interior surface S1
Fig. 6 Sound propagation in a non-uniform duct.
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sound source inside the duct; q ¼ 2 denotes the acoustic ﬁeld
outside the duct and the integral surfaces are composed of duct
exterior surface S2 including f4 ¼ f5 ¼ f6 ¼ 0. For the impe-
dance wall and the hard wall, the boundary condition can be
described as
@p0q
@n
¼ 0
@p0q
@n
¼ ik
Zim
p0q
8<: ð10Þ
respectively. Here Zim is the impedance on the duct wall.
According to the continuing condition of pressure and its
derivative on the inlet and outlet terminal surfaces, the integral
equation can be given by the following forms:
p0q

ðf2¼0Þ
¼ p0q

ðf5¼0Þ
p0q

ðf3¼0Þ
¼ p0q

ðf6¼0Þ
@p0q
@n

ðf2¼0Þ
¼ @p0q
@n

ðf5¼0Þ
@p0q
@n

ðf3¼0Þ
¼ @p0q
@n

ðf6¼0Þ
8>>>>><>>>>>:
ð11Þ
We can obtain the source items on the interior and exterior
surfaces of the duct by solving these integral equations, and
then obtain the acoustic ﬁeld by integral expression Eq. (9).
For the situation with mean ﬂow inside and outside the duct,
we suppose that the medium is at rest and the duct is moving
in axial direction with Mach number Ma.
It is easy to see that BIEM essentially tries to solve the scat-
tering problem of ﬁnite length duct in the free ﬁeld. As a fast
method, BIEM has been used for practical liner design because
it can simultaneously obtain both the acoustic attenuation and
sound radiation results, as shown in Fig. 2. As mentioned
above, however, this model cannot deal with more complex
boundary impedance, such as non-locally reacting liner, which
has been indeed considered for reducing broadband noise,
since the acoustic treatment has been regarded as ﬁxed deriva-
tive condition. On the other hand, it is unable to investigate the
interactions between different kinds of liners, such as local and
non-local reaction liners, and between sound sources and
acoustic treatments, as shown in Fig. 2. In order to avoid this
trouble, it is necessary to solve the sound propagation inside
the duct by other method, such as TEM or FEM.
2.3. FEM
To predict and control sound propagation in ducts with a
varying cross-sectional area is an important topic in acoustics
for a long time. There are many situations occurring in prac-
tice including the liner design in the aeroengine nacelle where
sound propagates in such non-uniform ducts. Both MMA
and BIEM mentioned above cannot deal with this problem
without making certain approximations. However, many
numerical methods have been developed to handle these difﬁ-
cult problems, such as the FEM16,17,42,43 and CAA19–22 tech-
niques. The advantages of these two methods depend on
what the simulation issues are. Especially, for a sound
propagation problem in duct with non-uniform ﬂow, the lin-
earization of the basic ﬂow equations is generally inevitable.Now, considering the sound propagation in duct, the
governing equation can be linearized Euler equation, which
can be written as
@~q
@t
þ eA @~q
@z
þ eB @~q
@r
þ eC @~q
@u
þ eD~q ¼ 0 ð12Þ
where ~q ¼ ~q0; ~u0; ~v0; ~w0; ~p0½ T is the acoustic perturbation
vector. It is noted that Eq. (12) has been used to simulate duct
acoustic problem in time domain with complex ﬂow.22
If we only want to know the identity of acoustic ﬁeld in fre-
quency domain, it can be expressed as elliptic equation by har-
monic component assumption ~q ¼ q  eiðxtþmuÞ. For example,
A
@q
@z
þ B @q
@r
þ Cq ¼ 0 ð13Þ
This kind of equation need not be solved by time-advance-
ment. So FEM is suitable to solve the sound propagation in
frequency domain, because the FEM needs to set up the uni-
ﬁed equation of the whole calculation region by using the prin-
ciple of minimum potential energy. However, when we need
consider variation of the acoustic ﬁeld with time, it is necessary
to solve the equation like Eq. (12) by CAA techniques.21,44,45
Although FEM assumes that the ﬂow is potential ﬂow, it is
more easily implemented than CAA in both computation time
and storage. The reason is that the former is only used to solve
the linear Euler equation in frequency domain, which has the
advantage of time-saving computation over CAA for the same
approximation. Therefore, our discussion for numerical meth-
ods in duct acoustics will only focus on the application of
FEM.
As a kind of numerical method, FEM can handle the issue
including complex boundary and non-uniform ﬂow along with
the potential ﬂow assumption. As shown in Fig. 6, Rienstra
and Eversman18 used this method to calculate the sound
propagation in non-uniform duct like aeroengine nacelle.
The governing equations are
$  ðq0V0Þ ¼ 0
1
2
jV0j2 þ Cc1 ¼ E
C2 ¼ c p0q0 ¼ q
c1
0
8><>: for mean flow field ð14Þ
ixq0 þ $  ðq0$/þ q0V0Þ ¼ 0
ix/þ V0  $/þ p0q0 ¼ 0
p0 ¼ C2q0
8><>: for acoustic field ð15Þ
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þ/  eixt; q0;V0; p0;C are the density, particle velocity, pressure
and sound speed of mean ﬂow, respectively.
For the mean ﬂow, giving the boundary condition on the
inlet and outlet terminal surfaces @U=@n ¼Ma0;U ¼ 0, we
can write the Galerkin weak formulation asZ
v
$N  ðq0$UÞdv ¼
Z
S
N  ðq0$UÞ  ndS ð16Þ
where weighting function N is from the class of continuous
functions on the volume v of the duct bounded by the duct
surface S, which includes the duct walls, source and terminal
planes. Supposing acoustic perturbations as harmonic in time
with frequency x and harmonic in the angular coordinate h,
the weak formulation on which a ﬁnite-element model for
acoustic propagation was based isR
v
q0
C2
C2$N  $/ ðV0  $NÞðV0  $/Þ

þix½NðV0  $/Þ  ðV0  $NÞ/  x2N/gdv
¼ R
S
q0
C2
fC2N$/ V0NðV0  $/Þ  ixV0N/g  ndS
ð17Þ
The surface integral on the right-hand side of Eq. (17) is the
natural boundary condition. On the terminal planes, it pro-
vides the boundary condition with the non-reﬂecting boundary
conditions. On the lining walls the natural boundary condition
is used to introduce the Myers boundary condition.46
Ostensibly, there is no trouble in this FEM, and we can obtain
the sound ﬁeld as long as the noise source is determined and
the computational grid is convergent. In the practice of aero-
engine, however, there are a lot of acoustic waves with high
mode and high frequency. This phenomenon means that we
need a huge number of computational grids to simulate the
sound propagation. The cost is unacceptable for non-uniform
liner in circumferential direction even in the optimization of
locally reacting liner. That is why it is still difﬁcult to use
FEM to calculate the radiation of sound from duct, as shown
in Fig. 2. So far, this method has been used to solve the fan
noise radiation from semi-inﬁnite duct47 without the interac-
tion between inlet and outlet terminal planes. On the other
hand, although it can consider more factors of sound genera-
tion in the duct, there are still certain difﬁculties to include
the effect of the interaction between the second sound reﬂec-
tion by rotor, stator, the acoustic treatments and the end of
the duct.
In summary, all of the analysis and numerical methods
which are just mentioned above are useful for calculating
sound propagation in lined duct. It is true that these methods
have their own advantages. However, if aimed at considering
the effect of the various interactions inside aeroengine nacelle
as shown in Fig. 2, it is indeed indispensible to seek for aTable 1 Comparison between TEM and other methods.
Method Sound source Acoustic treatment
Local liner Non-local liner
MMA U
BEM U
FEM U U
MMPM U U
TEM U U Unew model to sufﬁce for the optimal acoustic design of modern
turbofan nacelle.
2.4. TEM
It has been stressed that during the acoustic design of
aeroengine nacelle, it is important to include the effect of more
factors on the sound attenuation as much as possible, such as
the reﬂection of duct’s inlet and outlet, the non-uniform
cross-section of duct and the presence of blades and vanes.
Zorumski32 attempted to calculate the sound generation, prop-
agation and radiation in one program by using the MMA.
Unfortunately, in his model, a point source model was used
to replace actual distributed sources. Meanwhile, it is very dif-
ﬁcult to reasonably obtain mode-reﬂection coefﬁcients at
boundary planes such as the engine inlet and exhaust. These
restrictions severely affect MMA’s further application in com-
plex environment. However, in the past several years, a kind of
new method, i.e., TEM48–51 has been developed to cope with all
acoustic problems mentioned above, including sound genera-
tion in, transmission through, and radiation from duct systems.
Especially, with the help of TEM, we can answer some
questions of concern such as the effect of sound source and
the combined effect of different type of acoustic treatments
on the liner design. It is worthy of noting that TEM can be used
at the preliminary stage of the acoustic design in aeroengine
with emphasis on a large number of parametric studies. In
order to obtain an intuitive understanding into the application
in the acoustic design of aeroengine nacelle, Table 1 presents a
comparison between TEM and other methods.
It is worth noticing that TEM has been applied to
investigating combustion instabilities52–54 and compressor ﬂow
instabilities55–57 due to its advantages without requiring the
eigenvalue calculation due to impedance wall in duct. The
relevant details for these regards can be found in Refs. 48–57.
3. TEM model and its applications
3.1. Interaction between various liners
With the application of locally reacting liner, discrete noise has
been suppressed successfully. However, it is difﬁcult to use this
technology to control broadband noise due to its own charac-
teristic of frequency response. In order to limit the noise radia-
tion from the inlet and outlet ducts efﬁciently, the application
of combined acoustic liner has become inevitable. It is natu-
rally required to know how these combined liners interact with
each other, and how they enhance the frequency range of
sound attenuation. In this section, a model will be presented
to study such interactions.Non-uniform
duct and liner
Sound radiation
from duct
Interaction between
sound source and liner
U+BEM
U
U
U
U U+BEM U
Fig. 7 Schematic of combination of locally and non-locally
reacting liners with ﬂow.
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engine, the combined liner consisting of locally and non-locally
reacting liner has been used for suppressing the discrete noise
and the broadband noise, as shown in Fig. 7. In this paper
we will build a basic solution for sound propagation in ﬁnite
domain or a transfer element. Based on the different interface
match conditions of each transfer element, the discussion of
sound propagation in lined duct with multi-section liner will
be given.
As mentioned in the introduction, we want to establish a
new method including the interaction between various acoustic
treatments. Consequently, there are two key factors to be
addressed in the new method for liner element. Firstly, we need
to keep the orthogonal properties of the eigenfunction.
Secondly, in order to set up matching equations on the
interface, it is necessary to give the explicit expressions for
the solution of both standing and scattering waves.
According to scattering theory, we can regard the liner as
monopole source58, so the orthogonal properties still remain.
As for the second point, we will set up the relationship between
source and ﬁeld in the integral equation on the liner surface.
As shown in Fig. 8, considering the interaction between the
liner and acoustic ﬁeld inside the element, we divide the duct
into three parts and suppose the standing wave as p0B and p
0
C
in the section with liner. Applying the Green’s function theory,
we can give the standing wave in this partFig. 8 Geometry of an inﬁnite dp0e ¼ p0B þ p0C
¼
X1
m¼1
XN
n¼1
BmnwmðkmnrÞeic

m;nz þ CmnwmðkmnrÞeic
þ
m;nðzlÞ
h i
ð18Þ
where Bmn and Cmn are the amplitudes of the acoustic modes at
the interface.
In this work, the effect of uniform liner in circumferential
direction on the sound propagation is considered. There is
no azimuthal scattering when the sound wave interacts with
acoustic treatment. Based on the principle of linear super-
position, we can ﬁrstly calculate the result of one azimuthal
mode interacting with liner. Distinguished from the previous
MMA, the expression of standing wave in Eq. (18) includes
the eigenvalue and eigenfunction with hard wall instead of
impedance wall. In order to acquire the acoustic ﬁeld in ﬁnite
domain, it is necessary to build a relationship between scatter-
ing sound wave and the standing wave inside the element.
Based on the equivalent surface source method, Namba and
Fukushige58 showed that the effect of a liner could be modeled
as monopoles with unknown source strength, which naturally
avoids the calculation of complex eigenvalues. In fact, the
numerical results from this model reveal an excellent agree-
ment with those obtained by using Wiener–Hopf technique.
However, due to the complex singularity treatment associated
with the observation position close to source point in their
model, the equivalent surface source method was not widely
applied at that time. In 2007, this method can be developed
to calculate the sound propagation with more complex condi-
tions since the singularity can be removed by integral trans-
form method.59 Therefore, in order to form the solution
similar to Eq. (18), the key to the problem is how to solve
the integral equation for a ﬁnite domain with the same basic
assumptions suggested by Namba and Fukushige.58 For this
reason, we are trying to construct the solution by the following
steps.
It is mentioned that the vortex wave will propagate through
the element without interaction with acoustic treatment, so we
do not consider the effect of vortex wave in the liner element.
On the other hand, for a monopole source, the generalized
Green’s function method can be applied to obtaining its
solution in the form ofuct with locally reacting liner.
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Z T
T
Z
sðsÞ
q0 eV 0n D0GDs dsðr0Þds ð19Þ
where eV 0n ¼ V0n  eixs is the normal velocity at the liner surface
sðrÞ;G is the Green’s function of duct; q0 is the density of ﬂow.
On the surface of the liner, standing wave p0e, scattering wave p
0
s
and the impedance Zim must satisfy the boundary condition
p0s þ ZimVn ¼ p0e ð20Þ
where Vn is acoustic particle velocity. Basing on the displace-
ment continuity condition, V0n can be expressed as
V0n ¼ Vn þ
U
ix
 @Vn
@z0
ð21Þ
Combining Eqs. (19)–(21), we can obtain the integral equation
of velocity Vn. This equation, however, cannot be solved
directly because of the unknown coefﬁcient Bmn and Cmn on
the right hand of this integral equation. The disturbance
velocity, however, can be rewritten the explicit function of
the unknown coefﬁcient. Let
Vn ¼
X1
k¼1
Vkðx0; y0Þ sin kpz
0
l
ð22Þ
where l denotes the length of liner.
After handling Eq. (20) by the Fourier sine transform in the
region 0 < z < l, the algebraic equations can be expressed asX1
k¼1
ðzjk þ djkZimÞVk ¼ Ij; j ¼ 1; 2; . . . ð23Þ
where
Ij ¼
XN
l¼1
wmðkmnrÞ½BlIBlj þ ClIClj  ð24Þ
The expression of equivalent scattering impedance zjk and
Green’s function G can be found in Ref. 48. So the coefﬁcient
of Vn can be described by
Vk ¼
X
j
zjk þ djkZim
	 
1
Ij ¼
X
j
I1jk Ij ð25Þ
Combine Eqs. (19), (21), (22) and (25), the scattering ﬁeld
can be expressed as
p0s ¼
XN
n¼1
pdnwmðkmnrÞ
¼ q0
2
XN
n¼1
wmðkmnrÞeic

m;nz
X1
l¼1
BlQ
Bl
n þ ClQCln
h i( )
ð26ÞFig. 9 Geometry of a noIn fact, the solution can be obtained directly when the coef-
ﬁcients of interface wave Bl and Cl are known. For Eq. (23),
however, the coefﬁcients of acoustic propagation in ﬁnite
domain are unknown, as shown in Fig. 8. In order to solve
the acoustic ﬁeld in this element, it is necessary to combine
the acoustic ﬁeld inside and outside the element. For that,
the matching equations will be built on the interface via
continuity of acoustic pressure and acoustic velocity
p0i þ p0A ¼ p0B þ p0C þ p0us
v0i þ v0A ¼ v0B þ v0C þ v0us

ð27Þ
p0B þ p0C þ p0sd ¼ p0D
v0B þ v0C þ v0sd ¼ v0D

ð28Þ
where p0i is sound source; p
0
A and p
0
D are the sound wave. Due to
keeping the eigenvalue of hard wall condition, we can use the
orthogonal property to solve the equations. These equations
can be rewritten as matrix form
ss1E ss
1
B ss
1
C 0
ss2E ss
2
B ss
2
C 0
0 ss3B ss
3
C ss
3
D
0 ss4B ss
4
C ss
4
D
26664
37775
½Aml
½Bml
½Cml
½Dml
26664
37775 ¼
Pn
Vn
0
0
26664
37775 ð29Þ
where Pn and Vn have been transformed from sound source p
0
i
and v0i. Each ss denotes a coefﬁcient matrix. Therefore, for each
transfer element, the corresponding matrix can be described as
ss1B ss
1
C
ss2B ss
2
C
ss3B ss
3
C
ss4B ss
4
C
26664
37775
4n2n
ð30Þ
Until now, the solution in a ﬁnite domain with the
unknown variables on the interfaces has been constructed.
The corresponding matrix expression deﬁned in Eq. (30) is
called a ‘‘transfer element’’. More importantly, we will see that
the solution for non-locally reacting liner can also be expressed
as a transfer element, which remains as the unknown interface
parameters. The geometry of non-locally reacting liner is
shown in Fig. 9. This kind of perforated liner has attracted
great attention mainly due to its potential for various practical
applications. In Fig. 9, ps and p
þ
s denote disturbance acoustic
pressure in duct and disturbance acoustic pressure in cavity,
respectively. Based on the Green’s function, the acoustic ﬁeld
in cavity has been obtained in the form ofn-locally reacting liner.
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X
m
X
n
X
q
wmðkmnrÞ cos qpzl
Cqðk20  k2m;n;qÞ
Z
sðsÞ
VnwmðkmnrÞ
 cos qpz
0
l
dSðr0Þ ð31Þ
where
Cq ¼ l q ¼ 0
Cq ¼ l=2 q–0

.
For the scattering wave ﬁeld in duct ps , it is the same expres-
sion as locally reacting liner. As Fig. 9 shows, the acoustic per-
formance of a perforated plate can be depicted as the compliance
related to the Rayleigh conductivity c. Hughes and Dowling60
used Rayleigh conductivity of a single aperture in a plane pro-
posed by Howe61 to build a smooth compliance for a perforated
plate with bias ﬂow. If there is no bias ﬂow, the Rayleigh con-
ductivity can be equivalent to impedance Zim of perforated
screen without chamber. Therefore Eq. (20) can be rewritten as
p0s  p0þs þ ZimVn ¼ p0e ð32Þ
For the perforated screen, the same procedure is adopted in this
paper. The Rayleigh conductivity equation can be established as
p0s  p0þs þ
ixq0Vn
g
¼ p0e ð33Þ
where g is given by Ref. 48. In the same way of locally reacting
liner, the relevant algebraic equations can be written asX1
k¼1
zjk  zþjk þ djk
ixq0
g
 
Vk ¼ Ij; j ¼ 1; 2; . . . ð34Þ
The expressions of equivalent scattering impedance zþjk in the
cavity please see Ref. 48. The same procedure for locally
reacting liner as shown in Eq. (23) can be used to solve
Eq. (34), i.e., the effect of non-locally reacting liner can also
be considered in the present model.
After giving the transfer element for locally and non-locally
reacting liner, we can combine these two sections to calculate
the sound propagation in Fig. 10.
Based on the transfer element given above, the equations
for the combined liner consisting of locally reacting liner and
non-locally reacting liner can be written as2 3
ssp
þ
A ss
p
B ss
p
C
ssv
þ
A ss
v
B ss
v
C
ssp
þ
B ss
pþ
C ss
p
F ss
p
G
ssv
þ
B ss
vþ
C ss
v
F ss
v
G
ssp
þ
F ss
pþ
G ss
p
H
ssv
þ
F ss
vþ
G ss
v
H
6666666666664
7777777777775
A
B
C
F
G
2666666664
3777777775
¼
Pn
Vn
0
0
0
2666666664
3777777775
ð35ÞH 0
Fig. 10 Illustration oSolving these equations, we can obtain the acoustic ﬁeld in
both element and entire duct. However, in order to investigate
the problem shown as Fig. 7, the acoustic propagation in non-
uniform duct has to be considered. According to the result of
Alfrdson62, Gupta et al.63 and Utsumi64,65, a slowly varying
duct can be approximated by a series of subsections which
sides are parallel to the axis of the duct, as shown in
Fig. 11(a).
Therefore, for the slowly varying duct, i.e., DA A, we can
give the matching equations instead of Eq. (27) or Eq. (28)
given above, as show in Fig. 11(b),
p01 þ p01 U
2
1
c2
1
þ 2q1U1v01 ¼ p02 þ p02 U
2
2
c2
2
þ 2q2U2v02
q1v01 þ p01 U1c2
1
¼ q2v02 þ p02 U2c2
2
v02 ¼ 0 ð for DA Þ
8><>: ð36Þ
Before investigating the acoustic problem in Fig. 7, we need
to discuss the sound attenuation in lined duct with local reac-
tion liner for validation of the present method. For this pur-
pose, the example given by Rienstra and Eversman18 has
been analyzed and discussed. In this example, ‘‘soft-wall’’ is
locally reacting liner with impedance Z ¼ 2 i on the outer
wall within length 0 6 z 6 1:86393. The speciﬁc parameters
can be found in Ref. 49. Besides, the boundary condition sug-
gested previously by Myers46 and Eversman66 has been used in
the present study. Therefore, considering the variation of mean
ﬂow and cross-section of impedance wall, the relationship
between the normal velocity V0n and particle velocity Vn can
be rewritten as
V0n¼ 1þ
Uz
ix
 @
@z0


sin2h
@Uz
@z0
þ sinhcosh@Ur
@z0
þcos2h@Ur
@r
 
Vn
ð37Þ
where h is the axial inclination angle of a non-uniform duct,
while velocity Uz and Ur in Eq. (37) include the radial compo-
nent of the main stream which can be obtained by solving the
potential equation. The above equation will reduce to Eq. (21)
with uniform ﬂow.
The comparison of acoustic attenuation in various methods
has been given in Table 2, in which m is circumferential mode.
It is noted that we just use the ﬁrst order radial mode in hard
wall duct as the input sound source in Table 2. The result
shows that TEM is an effective method to calculate the sound
propagation in non-uniform duct with liner.
In the following text, we will give a more complicated
example including the combination of locally reacting and
non-locally reacting liners. Especially, with the applicationf combined liner.
Fig. 11 Conﬁguration for interface matching.
Table 2 Acoustic attenuation comparison of various methods.
Case m k0 Ma FEM (dB) MS(dB) TEM (dB) Cut-on mode Cut-oﬀ ratio
1a 10 16 0 51.6 51.6 50.4 1 1.36
1b 10 16 0.5 27.2 27.1 28.1 2 1.25
2a 10 50 0 4.7 3.5 5.9 9 3.38
2b 10 50 0.5 1.5 0.9 2.7 11 3.97
3a 20 50 0 12.5 12.3 13.3 8 1.91
3b 20 50 0.5 3.9 3.3 4.7 9 2.26
4a 30 50 0 29.0 28.7 28.4 4 1.34
4b 30 50 0.5 9.7 8.9 10.7 6 1.59
5a 40 50 0 196 210 182.8 2 1.03
5b 40 50 0.5 28.4 28.6 29.0 3 1.23
Fig. 12 Effect of bias ﬂow on transmission loss.
Table 3 Comparison of locally reacting liner (TEM) and
combined liners.
Case m k0 Ma
(z= 0)
Local
liner (dB)
Combined
liners (dB)
1b 10 16 0.5 30.0 22.58
2b 10 50 0.5 2.5 5.29
3b 20 50 0.5 4.9 12.74
4b 30 50 0.5 11.2 16.85
5b 40 50 0.5 31.4 27.35
336 X. Wang, X. Sunof non-locally reacting liner, the bias ﬂow can be easily
induced to go through the plate perforations to realize the
adjustment of wall impedance. As we know, the aeroengine
works at many different states, such as takeoff, cut back
and approach. So, in each case the major noise corresponding
to different frequencies and propagating modes needs to be
reduced. The locally reacting liner, however, is not suitable
to attenuate so many discrete frequency noises simultane-
ously, as shown in Table 2. It is noted that the sound
attenuation is not enough when there are more cut-on modes
in the duct, as indicated from the data in the last two col-
umns in Table 2. In fact, a ﬁxed acoustic impedance design
is not useful for multi-propagating modes. In these different
situations, we can use various combinations of locally and
non-locally reacting liners to improve the sound attenuation
performance.
As shown in Fig. 7, we use the TEM to calculate the sound
propagation in non-uniform duct with local and nonlocal liner.
In different situations, the bias ﬂow with Mach numberMab is
optimized to control the Rayleigh conductivity, as shown in
Fig. 12. The geometry parameters and impedance model of
local and non-local reaction liners can be found in Ref. 49.
Table 3 gives some numerical results and comparison with a
few previous predictions only for the situation with ﬂow.
Even though we only use the short non-local reaction liner
instead of the original local reaction liner, the relevant sound
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such as Case 2b, 3b and 4b. The reason is that the bias ﬂow can
greatly enhance the resistance and make it optimum in differ-
ent cases. Of course, there is slightly decrease for smaller cutoff
ratio such as Case 1b and 5b, but it is acceptable. Besides,
Fig. 12 shows the variation of sound attenuation with the
change of bias ﬂow. This means that the frequency range of
sound attenuation becomes broader after inducing the bias
ﬂow control.3.2. Interaction between sound source and acoustic liner
As shown in Fig. 1, the acoustic ﬁeld is very complex in the aero-
engine nacelle. Especially, many interactions between various
acoustic elements result in the variation of unsteady loading
on the blades or vanes, as well as the change of acoustic circum-
stance that liner is designed for. The current acoustic treatment
is designed based on strength-ﬁxed sound source. However, the
reaction of the acoustic ﬁeld in lined duct will inevitably affect
the strength of the source, more or less. For the practical prob-
lem, the key is how to describe the variation of the unsteady
loading on rotor blades and stator vanes with such interactions.
In this section we will discuss how to consider the effect of the
above factor at the ﬁrst stage of liner design.
As shown in Fig. 13(a), our purpose is to consider the
interaction between sound source and acoustic propagation.
In this case it is necessary to set up uniﬁed equations including
duct liner and rotor/stator vanes. However it is really difﬁcult
to solve the sound ﬁeld generated by unsteady blade loading in
a ﬁnite domain under the conditions of impedance wall. The
main reason is that the Green’s function simultaneously
including hard wall and soft wall of acoustic propagation can-
not be given. Therefore we still need to introduce TEM to
solve this problem, as shown in Fig. 13(b). In this method
the effects of two different elements on sound generation and
propagation will be considered independently. Then the ﬁnal
interaction acoustic ﬁeld will be solved by establishing match-
ing conditions on the interface. It is different from the previous
method67 because the uniﬁed equations will be set up instead
of once reﬂection.
As shown in Fig. 13(b), in order to investigate the interac-
tion between source and liner, it is necessary to establish a
sound propagation and generation in a ﬁnite domain with
blades and liners. In this section we will discuss the TEM for
vanes in a ﬁnite domain based on the three-dimensional lifting
surface theory given by Namba in 1977.68 The system is three-
dimensional with a compressible, inviscid, isentropic and mean
ﬂow. The blades have been considered as ﬂat plates ofFig. 13 TEM for investigationegligible thickness. The mean angle of incidence is zero and
the mainstream ﬂow passes through the cascade undeﬂected.
In order to include the interaction mechanism, we consider
two kinds of interaction noise: the ﬁrst one called the potential
interaction caused by pressure waves and cascade, and the sec-
ond one is generated by the interaction of rotor-wake or vortex
waves and the stator vanes. It can be proved that for both
wake interaction and potential interaction, the frequency and
mode of the scattering ﬁeld generated by unsteady loading
on the vanes will be f ¼ BX and m ¼ B qV, respectively.
Where B is the number of circumferential non-uniform of inci-
dent source, x indicates rotating frequency of incident wave,
and V expresses the number of vanes. In order to build an
independent element which only exchanges information on
the interface, we assume that there are several unknown modal
pressure waves and modal vortex waves in the section which
consists of the interface a–a and d–d and fan stator. As shown
in Fig. 14, p0B; p
0
C and w
0
B can be expressed as
p0B ¼
X1
q¼1
X1
n¼1
Bpmn  wmðkmnrÞ  eia1z ð38Þ
p0C ¼
X1
q¼1
X1
n¼1
Cpmn  wmðkmnrÞ  eia2ðzl1Þ ð39Þ
w0B ¼
X1
n¼1
Bw0n 
w0ðk0nrÞ
r
 eia3z ð40Þ
where (m, n) represents the circumferential mode and radial
mode, respectively. Here l1 ¼ l0 þ bþ l00. The axial wave num-
ber a can be expressed as
a1 ¼ Mak0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k20b2k2mn
p
b2
; ðdownstreamÞ
a2 ¼ Mak0þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k20b2k2mn
p
b2
; ðupstreamÞ
a3 ¼  BXU ; ðdownstreamÞ
8>><>>: ð41Þ
The above waves will interact with the fan stator, and con-
sequently the relevant scattering pressure waves p0s and vortex
waves w0s due to vortex shedding on the trailing edge will be
formed. Therefore, we have the following boundary condition
on the blade
u0uðr; zÞ þ v0Buðr; zÞ þ v0Cuðr; zÞ þ w0Bðr; zÞ ¼ 0 ð42Þ
where u0uðr; zÞ represents the normal velocity of scattering ﬁeld
on the blades; v0Buðr; zÞ, v0Cuðr; zÞ and w0Bðr; zÞ represent the
normal velocity of p0B; p
0
C and w
0
B on blades, respectively.
Therefore, the unsteady loading on the blade is caused by three
factors, according to the superposition principle of a linearn between stator and liner.
Fig. 14 Transfer element for blades.
338 X. Wang, X. Sunsystem, we can discuss the related unsteady loading caused by
these perturbations separately. For example, the unsteady
loading Dpw1 generated by the interface vortex waves w
0
Bðr; zÞ
satisﬁes the boundary condition
u0wu ðr; zÞ þ w0Bðr; zÞ ¼ 0 ð43Þ
This unsteady loading will result in an acoustic ﬁeld in
transfer element and it can be expressed as
p0ws ðx; tÞ ¼
Z T
T
Z
sðsÞ
Dpw1
	 

i
@G
@yi
dsðyÞds ð44Þ
Therefore, in terms of the momentum equation, the normal
velocity on the vanes can be acquired by
u0wu ðr; zÞ ¼
Z p
0
Z Rd
Rh
Dpw1  Kvdr0dh0 ð45Þ
The expressions of Green’s function G and Kernel function
Kv can be found in Ref.
50. Substituting this expression and
Eq. (40) into Eq. (43), in the process of solving the integral
equation by discretization method, we can obtain the algebraic
equationsXI
i0¼1
XJ
j0¼1
Dpw1i0 j0  Kvðij;i0 j0Þ ¼ 
XN
n¼1
Bw0n 
w0ðk0nrjÞ
rj
 eia3zi ð46Þ
where Dpw1i0 j0 is the vector. There are I J orders in the matrix
Kvðij;i0 j0 Þ. The solution of Eq. (46) is
Dpw1i0 j0 ¼ 
XN
n¼1
Bw0n
XI
i¼1
XJ
j¼1
 Kvðij;i0 j0Þ
 1  w0ðk0nrjÞ
rj
 eia3zi ð47Þ
where ½ 1 represents the inverse matrix. Let
Q
Bwn
i0 j0 ¼
XI
i¼1
XJ
j¼1
 Kvðij;i0 j0Þ
 1  w0ðk0nrjÞ
rj
 eia3zi ð48Þ
and then substitute Eq. (47) into Eq. (44), then p0ws can be
expressed as
p0ws ðr;zÞ¼ V2
XN
n0¼1
Bw0n0
X1
m¼1
X1
n¼1
mwmðkmnrÞ
jnm
R p
0
R Rd
Rh
Q
Bw
n0
i0 j0 wmðkmnr
0Þ
r0 fHðz z0Þeia1ðzz
0 Þ þHðz0  zÞeia2ðzz0Þgdr0dh0
ð49ÞIn this expression the scattering wave has been described as
explicit function of the incident wave Bw0n0 on the interface. In
this way we can obtain the sound ﬁeld generated by interaction
between the standing waves or outgoing vortex wave and
stator vanes in this element. And then the total acoustic ﬁeld
in this ﬁnite domain can be obtained. On the interface plane
a–a and d–d, the matching conditions are
p0i þ p0A ¼ p0B þ p0C þ p0s
v0i þ v0A ¼ v0B þ v0C þ v0s
w0i ¼ w0B
8><>: ð50Þ
p0B þ p0C þ p0s ¼ p0D
v0B þ v0C þ v0s ¼ v0D
w0B þ w0s ¼ w0D
8><>: ð51Þ
where only p0i and v
0
i are known, while p
0
A; p
0
D and w
0
D can be
expanded as
p0A ¼
X1
q¼1
X1
n¼1
Apmn  wmðkmnrÞ  eia2z ð52Þ
p0D ¼
X1
q¼1
X1
n¼1
Dpmn  wmðkmnrÞ  eia1ðzl1Þ ð53Þ
w0D ¼
X1
n¼1
Dw0n 
w0ðk0nrÞ
r
 eia3ðzl1Þ ð54Þ
Combining Eqs. (50) and (51), the linear algebraic
equations can be solved by the point matching method or
the integral transform method. In this paper the alternative
transform method based on orthogonal property of eigenfunc-
tion in the annular duct with hard wall is chosen by its high
accuracy. Therefore we can rewrite the equation as the
following matrix forms:
ss
pbb
A ss
pbb
B ss
pbb
C ss
pbb
wB
0 0
ssvbbA ss
vbb
B ss
vbb
C ss
vbb
wB
0 0
0 0 0 sswbbwB 0 0
0 ss
pcc
B ss
pcc
C ss
pcc
wB
ss
pcc
D 0
0 ssvccB ss
vcc
C ss
vcc
wB
ssvccD 0
0 sswccB ss
wcc
C ss
wcc
wB
0 sswccwD
2666666666664
3777777777775
Apmn
Bpmn
Cpmn
Bw0n
Dpmn
Dw0n
2666666664
3777777775
¼
Ipmn
Ivmn
Iw0n
0
0
0
2666666664
3777777775
ð55Þ
where
Apmn B
p
mn C
p
mn B
w
0n D
p
mn D
w
0n
 T
are unknowns,
while
Ipmn I
v
mn I
w
0n 0 0 0
 T
is given by source which
can come from anywhere even in the stator element. For the
coefﬁcient matrix, superscript p, v and w describe the matching
relations of acoustic pressure, acoustic velocity and vortex
velocity from the interface plane a–a and d–d, respectively,
and the subscripts stand for the number of unknowns on the
relevant interface planes. Each ss represents a MN matrix.
Up to now, a transfer element consisting of Eq. (55) has
been constructed. It is easy to see that various element can
be combined easily by applying the interface matching condi-
tions. The transfer element matrix for stator vans can be
expressed as
Fig. 15 Illustration of multi-sections.
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pbb
B ss
pbb
C ss
pbb
wB
ssvbbB ss
vbb
C ss
vbb
wB
0 0 sswbbwB
ss
pcc
B ss
pcc
C ss
pcc
wB
ssvccB ss
vcc
C ss
vcc
wB
sswccB ss
wcc
C ss
wcc
wB
2666666666664
3777777777775
: ð56Þ
Obviously, this element matrix can also be combined to
solve sound propagation in the blade rows. If there are a few
different elements which include different effects on the sound
propagation, we can set up matrix equations, in which Eq. (56)
is element matrix. Combining this element matrix with the
transfer element for acoustic treatment as given above, we
can obtain the equations to investigate the interactions
between these two kinds of acoustic element. It is supposed
that there is no interaction between vortex wave and liner.
For example, as shown in Fig. 15, the equations are givenð57Þwhere B C represents the transfer element matrix for the
stator vanes in an annular duct, while F G stands for the
transfer element matrix for the acoustic treatment. If there
are more elements, we can use the same way to set up the ﬁnal
matrix equations by applying interface matching conditions.It is noted that the existing acoustic design methods for
aeroengine nacelle is based on the assumption that the strength
of the sound source is ﬁxed without including the interaction
between the acoustic treatment and rotor/stator noise source.
Furthermore, once the interaction is considered, it is obvious
that the strength of the acoustic source will be changed by
the presence of the acoustic liner, more or less. Under this cir-
cumstance, this means that the noise attenuation not only
depends on the acoustic treatment itself but also its interaction
with the unsteady loading on the stator vanes or rotor blades.
Therefore, a good liner design method needs to include the
interaction between sound source and acoustic treatment.
However, if we want to consider this coupling, the design of
acoustic treatments will face more challenges compared to a
strength-ﬁxed sound source. In this paper, the TEM described
above has been used to discuss how to obtain more sound
attenuation by adjusting the space between fan stator and liner
shown in Fig. 15. Some details can be found in Ref. 50. Fig. 16
shows the variation of SWL with the acoustic resistance for afew small spaces and also for hard wall case, while the latter
one is used to make comparative analysis. It is noticed that
there are two propagating modes in this example. As shown
in Fig. 16, the optimum sound attenuation comes from the
case l ¼ b instead of the case for longer distance l ¼ 2b that
Fig. 16 Effect of fan stator on optimization of acoustic liner.
Fig. 17 Schematic of various element combinations.
Fig. 18 Comparison of the three cases.
340 X. Wang, X. Sunwe usually thought. It is noted that the corresponding noise
reduction in the case l ¼ b is nearly two times higher than in
the case l ¼ 2b. On the other hand, the optimum resistance
deeply depends on the space between stator and liner. There
is obvious difference for various cases. Therefore, it can be fur-
ther concluded that the interaction between the fan stator and
acoustic treatment is one of major design parameters in sound
attenuation.
One of the purposes of the present survey is to reveal the
signiﬁcance of interaction between sound source and acoustic
treatment and the advantage of the TEM. Therefore, as shown
in Fig. 17, we extend our model to more complex example
which includes two acoustic liners installed on the front and
aft of the fan stator, respectively. In order to simplify the
problem, in this case we suppose that both liners have the same
length and resistance. It is also assumed that the space between
these two liners and fan stator is ﬁxed, and the other parame-
ters are described in Fig. 15.
Fig. 18 shows the computational result of upstream sound
energy with the variation of acoustic resistance for three cases
corresponding to Fig. 17. In Fig. 17(b) there is a slight effect
on the upstream sound wave, because the coupling is not
strong in this situation. However, the comparison between
Fig. 17(a) and (c) reveals that the effect of the aft acoustic
liner is intensively strong on the upstream sound wave.
There are two reasons to explain this phenomenon: the ﬁrst
one is that more downstream sound energy has been reﬂected
to upstream, and in this case the front liner is not good at the
reﬂection ﬁeld; the second reason is the reﬂection sound wave
strongly inﬂuences the unsteady loading, along with more
sound energy generation. So, it is not independent for the
design of the front and aft acoustic treatments of vane stator
and the design of optimal noise reduction should consider
the interaction between these elements. Furthermore, an effec-
tive design strategy of acoustic liners should include the effect
of various interaction mechanisms on the sound generation
and propagation in order to optimize the sound attenuation
in a wider range of design variables.
3.3. Effect of ﬁnite-length duct on liner design
As mentioned above, we want to calculate the noise generation
in, sound propagation in and sound radiation from aeroengine
duct, as shown in Fig. 1. The interaction between various
acoustic elements has been expected to be included in the pre-
liminary liner design. In the previous section, based on thetransfer elements of local and non-local liner and stator vanes,
we have discussed the interaction between sound source and
various liners. In this section, in order to emphasize the sound
radiation from duct, i.e., the effect of the inlet and outlet of an
aeroengine nacelle on the liner design, the problem about
sound radiation from a duct which is shown in Fig. 19 will
be investigated. Regarding the sound source as rotating point
source and only considering local reaction liner, the sound
radiation model can be established in this section. It is noticed
that all the transfer elements that have been given above can be
combined with the model in this section to solve the problem
about sound radiation as shown in Fig. 1.
Fig. 19 Schematic of sound radiation of aeroengine.
Transfer element method with application to acoustic design of aeroengine nacelle 341In this consideration, the BIEM is applied to predicting
sound radiation from a ﬁnite-length duct, as shown in
Fig. 20. Combining the TEM and BIEM, the solving equation
including the sound wave inside and outside duct simultane-
ously has been established, which naturally avoids the require-
ment for the mode reﬂection coefﬁcients like MMA. Based on
Green’s function, the sound radiation from the duct can be
obtained in the integral form of
CðPÞpðPÞ ¼
Z
S
pðQÞ @GðP;QÞ
@n
 @pðQÞ
@n
GðP;QÞ
 
dSðQÞ
ð58Þ
where P;Q are points on the surface S; n is outwards normal
direction at a point on the surface, and p is the surfacess2Bp ss
2
Cp
ss2þBp ss
2þ
Cp
ss2Bv ss
2
Cv
ss2þBv ss
2þ
Cv
ss3Bp ss
3
Cp
  
ss3Bv ss
3
Cv
  
   ssðnd1ÞþBp ssðnd1ÞþCp
   ssðnd1ÞþBv ssðnd1ÞþCv
ssndBp ss
nd
Cp
ssndþBp ss
ndþ
Cp
ssndBv ss
nd
Cv
ssndþBv ss
ndþ
Cv
2666666666666666664
3777777777777777775
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
2ðnd1ÞM12ndM1
B1
C1
..
.
..
.
..
.
..
.
Bnd
Cnd
26666666666666664
37777777777777775
¼
0
..
.
ppnþi
vvnþi
pp
ðnþ1Þ
i
vv
ðnþ1Þ
i
..
.
0
2666666666666664
3777777777777775
|ﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄ}
2ðnd1ÞM1
ð61Þpressure. The function G is the free-space Green’s function.
We have
CðpÞ ¼ 0; for P in duct
CðpÞ ¼ 1; for P out of duct
CðpÞ ¼ 0:5; for P on a smooth surface of duct
8><>: ð59Þ
Utilizing the expansion of the boundary conditions and
the surface distribution functions in Fourier series with
respect to the angle of revolution in the axisymmetric duct,
the surface integral of Eq. (58) is reduced to a line integral
equation along the duct,69 as shown in Fig. 20. Discretizing
boundary integral Eq. (58), 2M1 þM2 algebraic equations
can be obtainedcðPjÞpmj 
XNe
n¼1
X3
a¼1
pmnaA
a
mnj þ
XNe
n¼1
X3
a¼1
pnmnaC
a
mnj ¼ 0
j ¼ 1; 2; . . . ; 2M1 þM2; Ne ¼ 2M1 þM2  3
8><>: ð60Þ
The details about discretization approach can be found in
Ref. 48. Here, the method mentioned in Ref. 48 is used to
obtain the correlative coefﬁcient matrixes Aamnj;C
a
mnj:pmna and
pnmna are the values of p; @p=@n at the ath node of nth element
for mth circumferential modes. For the situation with mean
ﬂow, we can use the transform function Wðx; y; fÞ instead of
the previous function pðx; y; zÞ in Eq. (58). Here,
pðx; y; zÞ ¼ Wðx; y; fÞeik00Maf; k00 ¼ k0=b; z ¼ bf. The new equa-
tion can also be solved by Eq. (60) to get the values of
W; @W=@z. Obviously, to obtain the values of these unknowns
in Eq. (60), 2M1 equations have to be constructed to comple-
ment the amount of equations in Eq. (60) where only
2M1 þM2 equations are available.
In the model of sound radiation from aeroengine duct,
combining the TEM and the BEM, the nd sections, i.e.,
nd þ 1 interfaces, have been considered, as shown in Fig. 21.
The interior surface of wall in each section can include differ-
ent boundary conditions, such as rigid wall, local reaction liner
and non-local reaction liner. Especially the sound source, such
as rotor blade and stator vanes, can also be included in the seg-
ment of duct. So based on TEM, the algebraic equations can
be obtainedThe vector on the right side is related to the sound source
which can come from any section in ﬁnite duct. As mentioned
above, there are 2M1 þM2 equations in Eq. (60) for exterior
sound ﬁeld of duct and 2ðnd  1ÞM1 algebraic equations in
Eq. (61) for interior sound ﬁeld of duct. Based on the p and
@p=@n continuity conditions on the inlet and outlet cross-
section, 4M1 equations can be constructed.
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Fig. 21 Geometry of a ﬁnite duct with nd transfer elements.
Fig. 20 Geometry of duct and observation point.
342 X. Wang, X. SunSolving the linear equations constructed by combining Eqs.
(60)–(62), the ð4þ 2ndÞM1 þM2 unknowns will be deter-
mined, which means the sound boundary condition of the duct
and the acoustic ﬁeld can be obtained.
It is easy to see that the sound generation in, propagation
through and generation from duct can be solved by using
TEM and BEM. Here, two examples will be given to investi-
gate the acoustic problem.
As shown in Fig. 22, ﬁrstly, the sound radiation from ﬁnite
duct with local and non-local reaction liners has beenFig. 22 Sketch of segmented liners.investigated via the example given by Dunn et al.11 which
replaces the locally reacting liner with non-locally reacting liner.
As shown in Fig. 23 there is an obvious difference when the
bias ﬂow exists in the non-locally reacting liner. The present
results show that the TEM has obvious advantages over the
BIEM and FEM for the far acoustic ﬁeld when the non-locally
reacting liner is used. This kind of liner is particularly efﬁcient
for sound attenuation in different states of aeroengine, as men-
tioned above.
Finally we will give an example about the acoustic radia-
tion from ﬁnite duct with acoustic treatment, which is clo-
ser to the real situation that aeroengine generates sound
radiation than the previous model. As shown in Fig. 19,
in this simpliﬁed model the sound source is considered as
spinning point dipole source. The length of duct with inlet
liner 1 (Z1 ¼ ð2;1Þ; x 2 ð0; 1:86393Þ) and exhaust liner 2
and 3 (Z2 ¼ Z3 ¼ ð2;1Þ; x 2 ð1:5;0:5Þ) is 2 m. TheFig. 23 Sound pressure level on surface of a hemisphere whose
radius is equal to 10 m.
Fig. 24 Effect of liner on sound radiation.
Transfer element method with application to acoustic design of aeroengine nacelle 343frequency of spinning point dipole source at position
xi ¼ 0:25 is 865.8 Hz. The source is described by the fol-
lowing formula:
pi ¼ 
BFT
2
X1
m¼1
X1
n¼1
/mnðkmnrÞeimueicmnz
Cmn
cmn
jmn
/mnðkmnr1Þ ð63Þ
where r1 ¼ 0:9;FT ¼ 50. The outer radius R1 and inner radius
R2 inside the duct are represented as
R1¼
1 x2 ð2;0Þ
10:18453x02þ0:10158e11ð1x0 Þe11
1e11 x2 ð0;1:86393Þ
10:184530:10158 e11
1e11 x2 ð1:86393;2Þ
8>><>>>:
R2¼
0:642120:047771=2 x2 ð2:6;0Þ
max½0;0:64212 0:04777þ0:98234x0ð Þ1=2 x2 ð0;1:86393Þ
0 x2 ð1:86393;2Þ
8>><>>:
where x0 ¼ x=1:86393. The outer radius of duct is R0 ¼ 1:02 m
and the radiation radius is r ¼ 10 m.
In Fig. 24, ‘‘Hard wall’’ expresses hard inlet and hard
exhaust; imp1 represents there is only liner 1 in aeroengine
duct; ‘‘imp2’’ includes the liner 1 and liner 2; ‘‘imp3’’ denotes
that all of the liners exist in Fig. 19. The result plotted in
Fig. 24 shows the effect of acoustic treatment on the sound
radiation. The inlet noise has been reduced substantially due
to the liner 1, but the exhaust noise has been enhanced slightly
due to the reﬂection effect of liner 1 by considering the interac-
tion between the inlet and outlet interfaces. When the exhaust
liner exists, the sound radiation is reduced in both inlet and
outlet directions.
However, comparing the case ‘‘imp2’’ with the case
‘‘imp3’’, it is found that the difference is very slight due to
the absence of liner optimization and spinning ﬂow. On the
other hand, the effect of liner 3 on the sound attenuation is
small when the hub-tip ratio is less than 0.5, so it is possible
that the radiation results of both situations are almost similar.
Once again, the advantage of TEM has been introduced in
this paper, but how to realize an optimal acoustic design of
aeroengine nacelle still requires considerable work along with
the TEM’s application.
4. Concluding remarks
In this survey, a kind of new method, TEM, has been intro-
duced with emphasis on its various applications in the soundgeneration, propagation and radiation in aeroengine. As a
new tool for the acoustic design of aeroengine nacelle, it has
certain advantages over the existing methods. Especially, the
problems associated with the interaction between source and
acoustic treatment, the interaction between various liners
and the radiation of sound from aeroengine can be analyzed
and discussed, and the relevant liner optimization can also
be implemented by means of TEM.
Three kinds of example reveal the property and capability
of the TEM for evaluating acoustic problems in the aeroengine
nacelle. The investigation of a few couplings mechanism shows
that the efﬁciency of acoustic treatment greatly depends on the
interaction between incident and ambient sound ﬁeld.
Therefore, the effect of interaction on acoustic liner design
has to be considered when the liner exists under a complex
acoustic circumstance. Finally, as a fast algorithm, the TEM
including more factors of the liner design can be easily applied
in practical engineering problem.
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